Abstract. An analysis of spatial and temporal variations of the polar radiation budget will undoubtedly require the use of multispectral satellite data. How well we can estimate the radiation balance depends on how well we can estimate the physical and microphysical properties of the surface and atmosphere that directly affect it, e.g., surface temperature and albedo, cloud droplet effective radius, cloud optical depth, cloud thickness, and cloud height. Here we examine our current ability to estimate the high-latitude surface radiation budget using visible and thermal satellite data. The method for estimating radiative fluxes incorporates estimates of surface and atmospheric parameters, so the accuracy with which these can be retrieved from satellite data is first assessed. The effects of errors in the estimates of these parameters on the surface net radiation during summer and winter are quantified, and the relative sensitivity of the net radiation budget to errors in individual parameters is assessed. The combined uncertainty is then determined and examined in light of validation data in the Arctic. The results show upper and lower bounds for the uncertainties between 7.9 and 41 W m -2 for instantaneous retrievals of net radiation. By far, the largest portion of the uncertainty in net radiation is associated with errors in the retrieval of surface temperature and surface albedo. Although improvements in retrievals are desirable, currently available methods can provide surface net radiation in the Arctic with uncertainties similar to those of surface-based climatologies.
Introduction
The radiation balance of the polar regions is significantly modulated by clouds, aerosols, and greenhouse gases which in turn influence global atmospheric and oceanic circulations via complicated radiative-dynamical interactions. High latitude response to changes in clouds, aerosols, and radiatively active gases within the atmosphere remains an uncertainty in evaluating climate change on a global scale. While much remains to be learned, it is clear that the surface radiation budget of the polar regions is very different from that of lower latitudes. For example, surface net radiation for high-latitude snow-covered regions tends to be greater during cloudy periods than under clear skies Tsay et al., 1989; Schwerdtfeger, 1984; Stone et al., 1989; Stone and Kahl, 1991 ] , whereas the annual mean net effect of clouds globally is to cool the Earth's surface. The net radiative effect of clouds is determined by the competing effects of shortwave cooling (the albedo effect) and longwave warming due to cloud thermal emissions [e.g., Ramanathan et al., 1989] . The effect of clouds on the net radiation balance of the surface/atmosphere system is very complex, particularly in the central Arctic where nonlinear feedbacks occur between the ice/snow/ocean surfaces and the clouds which remotely monitor these regions will be necessary. A thorough evaluation of the radiative effects of the intervening atmosphere is needed before satellite radiance measurements can be interpreted unambiguously. This need for the development and validation of data sets of surface radiation balance components derived from satellites was clearly identified by the World Climate Research Programme [Raschke et al., 1992] . Digital imagery of suitable temporal and spatial resolution needed to study intervening atmospheric effects is routinely available, but methods to utilize this data for radiation climate studies in the polar regions are just emerging.
Reviews of techniques to infer surface radiative fluxes from top of the atmosphere (TOA) radiances are provided by Schmetz [1989] , Raschke et al. [1992] , and Schweiger and Key [1994] , where problems with the application of such techniques to the polar regions are also discussed. Median root-mean-square errors (RMSE) of satellite-derived solar fluxes for lower latitudes are near 5% for monthly sums, near 9% for daily sums, and 5-50% for hourly sums [Schmetz, 1989] To date, only a small number of case studies have been conducted in the polar regions. Using surface and aircraft measurements from the Fram Strait area during the Arktis-88 experiment, Bauer and Raschke [ 1990] found that satellite-derived solar irradiances were underestimated by 30-50 W m -2 or 10%. They found these errors to be particularly large near the ice edge where the resolution of the advanced very high resolution radiometer (AVHRR) sensor is insufficient to distinguish ice free and ice-covered areas. Satellite-retrieved surface albedos were lower by up to 0.2 than those measured on the ground, which contributed to the error in downwelling shortwave fluxes. Combining a discreteordinate radiative transfer model [Stamnes et al., 1988] Schweiger and Key [1994] performed the first large-scale study of surface and TOA radiation budgets using satellite data. In that study the monthly cloud product of the ISCCP was used with a radiative transfer model to compute surface and TOA radiative fluxes. However, validation could only be done with the historical radiation climatologies, so that the accuracy of their results is difficult to assess. Using a similar method but with 3-hourly ISCCP data, Rossow and Zhang [ 1995] compare computed radiative fluxes with surface measurements at Barrow and South Pole station for October 1986. They find errors in downwelling shortwave fluxes for daily means to be on the order of 10-25 W m -2. Downwelling longwave fluxes were found to be poorly correlated with surface measurements.
In this paper we examine our current ability to estimate the surface net radiation budget at high latitudes from visible and thermal infrared satellite data, specifically the AVHRR. In contrast to the global analyses described above, the underlying method [Key, 1995 [Key, , 1996b for the retrieval of surface and atmospheric physical properties, as well as the computation of radiative fluxes, was developed to account for the unique features of the polar regions.
Uncertainties in the estimate of surface and cloud parameters are assessed, and their individual and combined influence on estimates of the surface radiation budget is determined.
Approach
The method for estimating radiative fluxes addressed here incorporates estimates of surface and atmospheric parameters, so the accuracy with which these can be retrieved from satellite data must also be assessed. Both empirical and theoretical methods are briefly described and the uncertainty in measuring each of these parameters is given. Uncertainties are derived from validation results where available and are root-mean-square errors (the square root of the mean squared difference) computed from the differences between ensembles of satellite-derived and hourly surface observations. In this context, "uncertainty" is to be understood as a measure of the average unsigned difference between an individual satellite measurement and a validation datum in the same sense that a standard deviation relates differences between individual values and the mean of a population. For parameter retrieval methods lacking validation data, the uncertainty is represented as a fixed percentage of some reference value. The effects of errors in the estimates of surface and atmospheric parameters on the components of the surface radiation balance during summer and winter over open water and snow-covered surfaces are quantified, and the relative sensitivity of the net radiation budget to errors in individual parameters is assessed. The combined uncertainty is then determined and compared to surface measurements of shortwave, longwave, and net radiation. Although the uncertainty estimates presented here are based on results using a specific collection of retrieval methods for high-latitude geophysical parameter retrieval [Key, 1995 [Key, , 1996b , within the limits discussed later, results are applicable to the calculation of surface fluxes using different approaches. Results are presented to allow for "back of the envelope" calculations of uncertainties in the fluxes based on different uncertainty estimates for the relevant parameters. Even though, for example, one may only be able to estimate cloud fraction to within 20% rather than our estimated uncertainty of 10%, the information provided here can still be used to obtain an estimate of the uncertainty in flux estimates.
Parameter Retrieval
In this section we briefly describe the geophysical parameters Because the retrieval of surface temperature and albedo as described above are done for clear sky only, accurate cloud detection is critical. A variety of methods have been utilized, employing spectral and textural features, thresholding, statistical classifiers, and neural networks. In the presence of solar radiation, spectral features alone should provide enough information for surface/ cloud discrimination. During the polar night, clouds are often warmer than the surface, rendering simple temperature thresholding methods useless. Brightness temperature differences can be useful, but clear sky and optically thick clouds may still be indistinguishable.
Our error assessment for cloud detection here assumes a spectral thresholding method, but one that incorporates time; that is, the temporal variability of each location is examined under the assumption that clear sky spectral characteristics will change little over short periods of time. This methodology is utilized in the Cloud particle effective radius Re and liquid or ice water content can be related empirically to the single scattering albedo, extinction, and the asymmetry parameter. While cloud water content is not directly retrievable from satellite data, the optical depth x c can be estimated. Nakajima and King [1990] showed that the effective radius and optical depth exhibit a nearly orthogonal relationship in the reflectances of one absorbing and one nonabsorbing wavelength, e.g., AVHRR channels 1 (0.6 gm) or 2 (0.9 gm) and 3 (3.7 gm). This idea works well over surfaces with low reflectances, but the solution becomes ambiguous at small optical depths over surfaces such as snow and ice. At night a similar approach can be used to estimate Xc. Employing brightness temperature differences between all thermal channels can help resolve the cloud top vertical position, an additional unknown.
Uncertainties in the daytime retrieval of cloud optical depth and particle effective radius arise from uncertain calibration of the shortwave channels, incorrect representations of the scattering phase function in the modeled data, and uncertainties in the surface albedo. At night the uncertainties are due primarily to the potentially small signal-to-noise ratio in channel 3 and the use of Assumed cloud type is stratus with a liquid water content of 0.2 g m -3. Re is the cloud particle effective radius, Assumed cloud type is cirrus with an ice water content of 0.03 g m -3.
improved. For the net flux the sign convention is such that a positive value indicates an energy gain by the surface. Tables 1 and 2 Note that if x and y are negatively correlated, then the total error estimated by (4) may be less than that estimated using (3).
Unfortunately, data needed to estimate the covariance between all pairs of variables are often not available. If the covariance between pairs of variables is not known, then it can be shown [Taylor, 1982] Tables 1-4 give an estimate of the partial derivatives needed in (3), (4), and (5), computed using finite differences (AF/Ax). These partial derivatives may be used for back of the envelope calculations of the sensitivity of fluxes to errors in parameter estimates different from the ones used in this study. However, owing to the nonlinearities in aF/ax, they should only be applied to situations similar to the listed reference values. Table 5 gives the combined uncertainty in estimating the surface radiative fluxes from satellite data (AVHRR) for each of the conditions in Tables 1 to 4 , assuming independence between the variables, as defined by (3). This assumption is reasonable for some pairs of variables but probably incorrect for others. Therefore the maximum uncertainty as defined by (5) 
Discussion and Conclusions
Our study shows that the largest uncertainties in estimating the surface radiation budget using the methods described by Key [1995, 1996b] In order to shed some light on the required accuracy question, we have compared our estimated uncertainties with the variability of surface fluxes at different timescales. Table 6 shows estimated uncertainties in surface fluxes and compares them to observed variability at different timescales. As a proxy for observed variability, radiative fluxes parameterized based on 30 years of cloud, temperature, and humidity measurements from Russian driftting stations were used (R. Lindsay, personal communication, 1996) . Variability at different timescales was calculated using a wavelet transform band-pass filter [Lindsay et al., 1996] . Values shown for the observed variability for 1 or 8 days corresponds to the RMS difference of adjacent, nonoverlapping averages. For the monthly values it is the interannual variability of monthly averages.
Retrieval uncertainties are calculated from the uncertainties determined above (Table 5) by assuming a random distribution of errors and adjusting for the likely number of observations at each time-scale. For each time-averaging period the uncertainty decreases by the square root of the number of observations. Uncertainties at the daily timescale are assumed to be those estimated from instantaneous values because using satellite data, often only one observation will be available per day. Also given (in parentheses) is the amount of variance in the observed data that could be explained in the presence of these uncertainties. Table 6 shows that assuming independence of errors, in summer, 82% of the variance in downwelling shortwave, 57% in downwelling longwave, and 91% in net radiation could be observed from satellite at monthly timescales. At daily timescales, uncertainties are too large to observe any of the natural variability. However, multiple observations per day will clearly reduce the uncertainty at this timescale. It should be noted that applications need to carefully consider the implications of random versus systematic errors. In the current analysis we have not separated these uncertainties, and the uncertainty estimates in Table 6 assume random errors with a zero mean. Information in the table may provide some guidance in deciding if satellite-derived surface fluxes using currently available data and algorithms are accurate enough for a particular application. Researchers interested in defining science requirements for algorithms may also use information provided in Table 6 in combination with AF/Ax values given in Tables 1-4 to define the required retrieval accuracy of a particular parameter with respect to desired amount of observable natural variability.
We conclude that the accuracy in estimating radiation budgets from satellite that we can currently achieve is appropriate for a wide range of process studies at monthly timescales. In order to detect short-term variability, further improvements, particularly in cloud detection and calibration, are warranted. The detection of interannual variation appears to be possible at monthly timescales. However, the detection of long-term trends associated with climate signals will have to rely on the absence of systematic retrieval errors. Future work should include the validation of retrieval algorithms using in situ data from experiments such as the Beaufort and Arctic Storms Experiment (BASE) and Surface HEat Budget of the Arctic Ocean (SHEBA). These field campaigns will allow us to better quantify retrieval accuracies for individual parameters, as well as the combined accuracy of radiative flux estimates. The long time period covered by the SHEBA experiment will be particularly useful to detect and eliminate potential seasonal biases in the retrievals. 
Uncertainties are in watts per square meter for downwelling shortwave, longwave and net radiation in the context of observed variability at different timescales, where n is the number of observations. Columns labeled "Independent" give the uncertainties assuming that parameters going into the radiative transfer calculations are uncorrelated. "Maximum" gives the maximum possible uncertainty, and "sigma" gives the standard deviation at monthly, 8 day, and daily timescales. Explained variances are given in parentheses.
